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Abstract 
In the context of the limitation of global warming, geological storage of acid gases is one of the 
main options retained to reduce anthropogenic gas emissions to the atmosphere The work presented 
here documents the reactivity of a carbonate rock in the presence of a gas containing CO2 and co-
injected gases: 4% SO2, 4% O2, 4% N2 and 6% Ar representative of oxycombustion flue gas before 
any purification (eg. desulfurisation) process. The study is based on experiments conducted in batch 
reactors simulating the interactions occurring between the rock and acid gases that would be 
injected in a geological storage context. It shows that the main mineral transformations of the rocks 
are due to the co-injected gases SO2 and O2 despite their low concentration (less than 4%). These 
transformations should have different impacts on the petrophysical properties of the rocks such as 
porosity and permeability. 
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21. Introduction 
In order to limit the global warming, several options to reduce greenhouse gas emissions were established, including the 
CO2 capture and geological storage. This latter solution consists in a whole chain from gas capture from boilers to 
injection into geological reservoirs such as unmineable coal beds, structural traps in deep saline aquifers or depleted oil 
and gas fields [1]. The capture is performed through different processes which can however not provide a complete 
separation of CO2 from the other fumes components for energetic and economical reasons. Other gas components such 
as N2, Ar, O2, SOx and NOx are obviously present up to a fraction of 5 to 10 %mol [2]. The chemical effects on the host 
rocks of these co-injected gases must be evaluated in order to assess the impact of their presence on the long term 
stability of the storage. 
The work presented here documents the experimental reactivity of a carbonate rock in the presence of a gas containing 
CO2 and 4% SO2, 4% O2, 4% N2 and 6% Ar. This mixture is representative of an oxycombustion flue gas before 
desulfurisation unit. The rock sample is representative of a deeply buried, low porosity carbonate reservoir composed of 
a dolomitic matrix, with minor clay, pyrite and quartz, cross-cut by dolomite and calcite cemented fractures. 
Experiments were conducted in batch reactors of 2 cm3 in the presence of a rock sample, saline water (25 g/l NaCl) and 
gas. The reactors were placed at 100 bar and 150°C during one month. 
After experiments, rocks and fluids were analysed with different techniques (SEM, TEM, Raman and XRD). Gases 
were also collected and analysed by Raman spectrometry whereas the aqueous solution is analysed with ICP-MS, ICP-
AES and ionic chromatography.  
This study shows the first results of a study developed in [7] concerning the mineralogical transformations of carbonate 
rocks that have undergone CO2 mixtures containing co-injected gases. 
2.Apparatus and methods 
Experiments are performed in batch conditions during one month at 150°C and 100 bar, which represent conditions in 
agreement with the context of geological storage of CO2. The batch reactors are constituted by gold capsules of 2 cm3
chosen for their chemical inertia, and their high ability to conduct pressure and temperature [8]. Thermodynamic 
conditions of the experiments are controlled by a pressure vessel of 100 cm3 heated by a coating device. The device is 
presented in details in [3]. It has been routinely employed for several experimental studies under similar pressure and 
temperature couples [3, 5, 9] mimicking geological environments. Mass balances are established after experiment using 
analytical characterization of each phase. 
2.1.Solids and aqueous solution 
The rock samples come from cores drilled in a fractured Portlandian dolomite from the south of France, namely the 
Mano Dolostone. They were previously analyzed using SEM, EPMA and TEM [7]. They are constituted by a low 
porosity (< 3%) matricial dolostone crossed by fractures filled with dolomite and calcite. The matrix is always separated 
from fractures by a thin layer of calcite (20 µm thick).  
The global mineralogy of the rock has been established from global (ICP-MS and OES) and punctual analyses (EPMA, 
SEM, TEM). The fracture of the Mano Dolostone is made of 93% Fe-Dolomite, 5% Calcite and 2% Dolomite. The 
matrix of the Mano Dolostone contains 92% Dolomite, 4% Illite and Interstratified Illite/Smectite, 3% Quartz, 1% 
pyrite and traces of Calcite.  
The rock samples are cut to form stick fragments of 10 mm x 2 mm x 2 mm (figure 1). Each sample contains both 
matrix and fracture facies of the rock. Each fragment is polished on one face in order to detect the slights changes 
(dissolution or precipitation) on its surface. 
The composition of the aqueous solution used for the experiments is representative of saline formation waters with a 
salinity of 25g/l of NaCl. The respective rock/water/gas  proportions  introduced into the reactor are given in table 1: the 
water/rock and water/gas mass ratios are respectively set near 3 and 5. 
Experiment Rock (mg) Solution (mg) Gas (mg) 
CO2 120 402 75 
Gas mixture 133 450 100 
Table 1: Mass (mg) of rock, aqueous solution and gas used for the experiments on the reservoir rock and caprock. 
At the end of experiment, each phase is collected and analysed. A mass balance is performed using the final 
composition of the water and the structural formula of each mineral phase present at the start and the end of experiment, 
using the method developed by [7]. 
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3Figure 1: Observation with binocular lens of the rock samples before and after experiment. (a1) and (b1) samples before 
experiment, (a2) sample after experiment with the gas mixture, (b2) sample after experiment with pure CO2. (anh) 
glitter of anhydrite, (Ma) Matrix of the rock, (Fr) fracture of the rock. Points I to IV refer to pictures on Figure 3. 
2.2.Gases 
Two sets of gases were selected: pure CO2 and a gas mixture composed of 82 ± 0.18 %mol CO2, 4 ± 0.2 %mol SO2, 4 ± 
0.2 %mol O2, 4 ± 0.2 %mol N2 and 6 ± 0.12 %mol Ar. The gas mixture corresponds to the composition of the exhaust 
fumes from an oxyboiler with no  desulfurization process. The injected quantities are displayed in table 1. 
The gases are loaded in the capsules using the gas loading device adapted from [3] (see [7]) associated to a cold trap by 
liquid nitrogen. When the capsule is filled with the gas, it is cut and immediately welded in liquid nitrogen. After 
experiment, the capsules are pierced in the line and the gases are collected by the same cold trap and are condensed in a 
raman cell for analysis. 
3. Results and discussion 
3.1. Reactivity of the rock with pure CO2
CO2 Gas mixture 
Start (mol) End (mol) % variation Start (mol) End (mol) % variation 
Pyrite 1.5 10-5 1.4 10-5 - 6 % 7.1 10-7 0.0 - 100 % 
Dolomite 6.5 10-4 6.5 10-4 + 0.3 % 6.8 10-4 6.5 10-4 - 4.2 % 
Calcite 1.1 10-5 1.0 10-3 - 8.5 % 2.9 10-5 5.4 10-7 - 98.1 % 
Clays 1.5 10-5 1.5 10-5 - 0.5 % 6.0 10-6 6.0 10-6 - 5 % 
Quartz 1.1 10-3 1.0 10-3 - 0.4 % 1.1 10-3 1.1 10-3 - 0.3 % 
Hematite - - - 0.0 3.1 10-7 - 
Barite 0.0 2.8 10-10 - 0.0 1.8 10-8 - 
Anhydrite 0.0 1.2 10-6 - 0.0 4.4 10-5 - 
Table 2: Mineralogical transformations in the rock samples after experimental reactivity with pure CO2 and the gas 
mixture. Values are expressed in mol and were calculated from the composition of water and the mineral formulae [7]. 
After experiment, the gas is still composed by pure CO2. The rock sample shows a frosted aspect, due to a slight 
dissolution of carbonates on its surface whatever the facies (figure 2). Calcite of fractures seems to be much affected 
than dolomite (the sample shows a dissolution of 8.6 % for calcite against 0.3 % for dolomite. See table 2), presenting 
negative relief by comparison with the other minerals. Quartz and pyrite are still present. Pyrites show a slight oxidation 
on their surface when analysed by EDS (Electron Dispersive Spectrometry). A calculation give a disappearance of less 
than 6% of their initial quantity. Clays have undergone a slight dissolution (less than 1 %). 
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4Figure 2: SEM images of the reservoir rock sample after experiment with CO2 and saline water  
(25 g/l).  (Cal) calcite, (Dol) dolomite, (Py) pyrite. 
The observed reactivity corresponds to the equilibration of the rock with the acidity brought by CO2 dissolution into the 
water. It can be resumed as follows: 
CO2,g = CO2,aq (1) 
CO2,aq + H2O = HCO3- + H+ (2) 
 Dolomite + 2H+ = Ca2+ + Mg2+ + 2 HCO3-  (3) 
Calcite + H+ = Ca2+ + HCO3- (4) 
Clays are also concerned by this acidification but in a lower order of magnitude, explaining their really slight 
dissolution. Silicon detected in the water is due to partial dissolution of clay but also to equilibration of quartz with the 
water:  
Quartz = SiO2,aq (5) 
Amorphous silica = SiO2,aq + n H2O (6) 
A reduced fraction of gaseous oxygen is inherent to the system due to the loading procedure [7], explaining the partial 
oxidation of pyrites and leading to the formation of in situ hematite and sulfates detected in the water: 
 2 Pyrite + 4 H2O+ 7,5 O2 = Hematite + 4 SO42- + 8 H+ (7) 
The mass balance calculated from the water analyses shows that less than 1% of the total dolomite and quartz, 10% of 
the calcite and 6% of the pyrites were dissolved during experiment. Calcite and pyrites are the most altered minerals in 
our conditions. 
3.2. Reactivity of the rock with the gas mixture 
After experiment, the gas is composed by a mixture of 88 mol% CO2, 1,5 mol% O2, 4,5 mol% N2 and 6 mol% Ar. It 
corresponds to an increase of 4 mol% of the initial CO2 and a loss of more than 60 mol% of the initial O2. SO2 is absent 
from the final composition of the gas.  
The rock sample was cleaved in two part on the wall rock of the fracture. High figures of dissolution are visible on the 
sample surface whatever the facies. In the matrix, the dolomite crystals are rounded, creating porosity between the 
grains (Figure 3-I and II). In the fracture zone, dolomite shows a specific pattern due to preferential dissolution along 
the cleavages of the crystals (Figure 3-IV). It lost almost 5% of it initial quantity (table 2). Pyrites are oxidized in 
hematite (Figure 3-II). Calcite is completely dissolved, explaining the separation of the sample into two pieces observed 
after experiment. Quartz is still present and does not seem to have undergone any specific alteration (table 2). Clays 
have slightly dissolved (less than 5%). A closer observation shows sparse sulphate crystals mainly represented by 
anhydrite onto the whole sample, especially the wall rock area where it replaced calcite (Figure 3-III). Barite has also 
precipitated in micrometric crystals (< 3 µm) spread over the rock surface, independently from the initial mineralogy. 
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5Figure 3: Backscattered scanning electron micrographs showing the rock sample after experiment. (I-II) matrix of the 
rock; (III) wall rock of the fracture; (IV) fracture of the rock. (Anh) anhydrite, (Ba) Barite, (Cla) clay minerals, (Dol) 
dolomite, (Hm) hematite . 
The observed reactivity is much higher than for pure CO2. N2 and Ar are known to be inert at the thermodynamic 
conditions used for experimentation. Thus, the reactivity can be attributed to the co-injected fraction of O2 and SO2.  
SO2 can easily be oxidised by O2. As it  is highly soluble in water at 150°C and 100 bar [10], the oxidation must have 
occurred in the water phase, producing sulfates at pH higher than 3: 
 SO2 + H2O + ½ O2,g = SO32- + 2 H+ + ½ O2 = SO42- + 2 H+  (8) 
This reaction must have been total in the aqueous phase. It is classically used as a method for SO2 removing from coals. 
It is proven to occur at very low SO2 and O2 concentrations for temperatures set between 80 and 150°C [6]. 
Dissolution and oxidation of SO2 led to acidification of the solution which was counterbalanced by the buffer effect of 
carbonates (reactions 3 and 4). The calcium and sulfate concentration bluid up in the solution led to the saturation of 
anhydrite:  
 Calcite + 2 H+ + SO42- = Anhydrite + CO2,aq + H2O (10) 
 Dolomite + 4 H+ + SO42-  = Anhydrite + 2 CO2,aq + 2 H2O + Mg2+ (11) 
The carbonate dissolution also released trace elements such as strontium and barium. Because of its very low solubility, 
barite  also precipitated: 
  Ba2+ + SO42- = Barite (12)
The remaining O2 fraction reacted with the pyrites to give hematite according to the equation 7. The fugacity of O2
given by SUPCRT92 [4] for this equilibrium in experimental conditions is near 10-41 bar. As a fraction of gaseous O2
remains at the end of experiment, it is possible to consider that 1) O2 was in excess comparing to the quantity of pyrites 
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6accessible to the fluids, 2) pyrites contacted by the were completely oxidized. Thus, the final conditions remain highly 
oxidative in the reactor. 
Conclusion 
This work presented the reactivity of a carbonate rock in case of an injection of a CO2 gas containing fractions of SO2, 
O2, N2 and Ar. Two comparative experiments were performed, using pure CO2 and a mixture of CO2 with fractions of 
inert gases and O2 and SO2. They showed that SO2 dissolves in the water and reacts with O2, resulting in production of 
aqueous sulfates and a high acidification of the water. This has for primary consequence to enhance drastically the 
reactivity of the rock, implying the dissolution of calcite, shortly followed by dolomite. When saturation is reached for 
anhydrite and barite, they start to precipitate in place of the dissolved carbonates. Pyrite is oxidized in hematite by the 
remaining O2 fraction. Finally, 5 to 10% of the initial rock were dissolved or altered by the co-injected gases against 
less than 1% for pure CO2. Carbonate dissolution and anhydrite precipitation are the main reactions. They could induce 
high changes in the petrophysic properties of the rock.  
This study is a preliminary but necessary work to understand and model the evolution of CO2 geological storage. 
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